Many behavioral and physiological activities of insects display rhythmic fashions that are controlled endogenously by circadian clocks (Saunders, 1982) . Cellular and molecular mechanisms of clock function in eclosion and in locomotor activity rhythms in the fruit fly, Drosophila melanogaster, have been studied extensively (see reviews by Giebultowicz, 2000; Reppert and Weaver, 2000; Scully and Kay, 2000) . The circadian nature of other rhythmic behaviors in insects and the physiological basis for the generation of a particular circadian rhythm are little known, however.
Mating in many insect species is mediated by a sex pheromone: a mixture of chemicals produced by one sex to attract conspecifics of the opposite sex for mating purposes. Pheromone production and response usually occur synchronously at a specific time of day. The diel and circadian rhythms of pheromone production and response have been documented in a number of insect species (Shorey and Gaston, 1965; Baker and Cardé, 1979; Liang and Schal, 1990; Zhukovskaya, 1995; Linn et al., 1996) . In most noctuid moths, the females produce pheromones during the midscotophase to late scotophase, with the males responding to the pheromones during the same period of time.
The pheromone communication system of the turnip moth, Agrotis segetum, has been well characterized. The sex pheromone of female turnip moths contains a mixture of four homologous acetates-(Z)-5decenyl, (Z)-5-dodecenyl, (Z)-7-dodecenyl, and (Z)-9tetradecenyl acetate (Z5-10:OAc, Z5-12:OAc, Z7-12:OAc, and Z9-14:OAc)-in a 1:0.3:5:2.5 ratio (Wu et al., 1995) . This species has been used in our laboratory as a model species in studies of circadian regulation of sex pheromone communication in insects. Female turnip moths produce and release large amounts of the pheromone 3 to 4 h into the scotophase, and this rhythm is endogenously generated (Rosén, 2002) . The present study aims at characterizing the circadian rhythmicity of male behavioral response to the pheromone and at determining the level at which this rhythm is regulated.
METHOD AND MATERIALS

Insects
The turnip moths, A. segetum, were obtained from our laboratory culture that originated from pupae collected in the field in southern Sweden and Denmark. The culture is fortified by wild insects each year. The larvae were reared on a semisynthetic bean diet (Zhu et al., 1996) at 23°C, 70% relative humidity (RH), and under a 17:7-h light-dark cycle (lights turned on at 0600 and off at 2300). The pupae were sexed. The male and female pupae and the adults were kept in separate rearing cabinets at 23°C during a reversed 17:7 lightdark cycle (lights turned on at 1900 and off at 1200) and provided with a 5% aqueous sugar solution.
Pheromone Source
The pheromone components Z5-10:OAc, Z5-12:OAc, Z7-12:OAc, and Z9-14:OAc were obtained from our laboratory stock. A 0.1-µg dose (the amount refers to the Z5-10:OAc) of a blend consisting of the four components just referred to in a 1:0.3:5:2.5 ratio, dissolved in 100 µL redistilled hexane, was applied to a red rubber septum (16 × 9 mm, Thomas Scientific, Swedesboro, USA) as bait in the flight tunnel experiments. The bait was stored in a closed glass vial in the freezer (-20°C) between experiments. For the electroantennogram (EAG) experiments, 10 -3 to 10 3 µg (in decadic steps) of the major pheromone component Z5-10:OAc and 10 -3 to 10 2 µg (in decadic steps) of the four-component blend (the amount refers to the Z5-10:OAc) were diluted by 10 µL hexane and applied separately to a piece of filter paper (8 × 18 mm) in a Pasteur pipette.
Locomotor Activity Recording
Immediately after emergence, each adult male was placed in a separate plastic box (8 × 8 × 4 cm) provided with a strip of cotton soaked in aqueous sugar solution and was kept in a constantly dark room under the same conditions as used for the males in which the flight tunnel activity was tested (21-23°C, 40%-60% RH). A digital video camera recorder (DCR-TRV30E) provided with an infrared emitter was mounted to automatically record the activity of the moth during a 2-sec period every 10 min. The recording continued for 10 consecutive days until the insect had died.
Flight Tunnel Protocol
Flight tunnel experiments were performed in a 3.0m long, 0.9-m wide, and 0.9-m high Plexiglas flight tunnel as described by Valeur and Löfstedt (1996) . Flight tunnel conditions of 21 to 23°C, 40% to 60% RH, 0.3 m/s air speed, and a light intensity of 1.0 lux in the scotophase and 400 lux in the photophase were employed.
Two-to 3-day-old males were transferred individually to 250-mL cylindrical screen cages prior to initiation of the dark period and were allowed to acclimate to the conditions in the tunnel room for at least an hour before being tested. Males were released into the plume individually from a cylindrical screen cage, the open end of which faced upwind. Six behavioral steps typically exhibited in the flight tunnel were recorded: taking flight from the release cage, orientation, upwind flight in the plume 50 cm from the release cage, upwind flight in the plume to a distance halfway between the source and the release cage, approach to within 10 cm from the source, and contact with the source. Each moth was given a maximum of 2 min to reach the source. Only data for contact with the source are presented below. On each test day, 5 to 15 males were tested at a time, until a total of 30 males had flown.
Experiment 1: The Male Pheromone Response during a 17:7 LD Photoperiod
Two-day-old adult males were tested in the flight tunnel during the mid-photophase and at 2-h intervals beginning 2 h prior to the lights being turned off and ending 2 h after the lights were turned on.
Experiment 2: The Male Pheromone Response in Constant Darkness
Males were transferred, 1 day after emergence, to constant darkness (DD) at lights-off (1200) and then were tested on 3 consecutive days at the same points in time as males kept under normal LD conditions.
Experiment 3: The Male Pheromone Response during a Shifted Photoperiod
One day after emergence, males subjected to a 17:7 L:D photoperiod in which lights were turned off at 1200 and turned on at 1900 were transferred to another room for 2 days in which lights were turned off at 0800 and on at 1500. Males were then tested at 2-h intervals between 0600 and 1600 and in the mid-photophase at 2200. In addition, another group of males placed into constant darkness after entrainment was tested under the DD condition at selected time points 1 day later.
EAG Recordings
A male moth was secured in a 1-mL plastic pipette, the tip of which was cut in a manner allowing only the antennae to protrude through the opening. The tip of one of the antenna was cut, and a recording electrode filled with Beadle-Ephrussi Ringer was placed in contact with the cut surface of the antenna. An Ag/AgCl wire serving as a ground electrode was inserted into the insect's abdomen. EAG recordings were also made on excised antennae. The antenna was excised at the base. A glass electrode filled with Beadle-Ephrussi Ringer was placed on the cut tip and another one on the base of the antenna. The antenna was continuously flushed with a moistened air stream being purified by a charcoal filter through a glass tube (8 mm i.d.). The outlet of the tube was about 20 mm from the antenna. The stimulus was injected into the air stream through a 3-mm opening in the glass tube 150 mm upstream from the antenna. The stimulation was delivered at a flow rate of 5 mL/sec in 0.5-sec puffs by a stimulation device (Syntech, P.O. Box 1547, NL-1200 Hilversum, The Netherlands). The signal was amplified by a highimpedance amplifier, as well as stored and analyzed by a PC equipped with an IDAC-card and the program EAG (version 2.2a), both from Syntech, Hilversum, The Netherlands. A series of dilutions ranging from low to high concentration was tested, with 1-min intervals between successive stimulations. Ten antennae, obtained from 10 different males, were tested. Recordings during the scotophase were performed under red light.
Statistical Analysis
The behavioral data are presented as a percentage of response in terms of source contact (as determined by the number of males) of those tested in the course of the experiments that exhibited source contact behavior. To compare the different time points of the percentage of responses, we employed Ryan's test for multiple comparison of proportions (Ryan, 1960) ; all statistical analyses were performed at a 5% significance level.
RESULTS
Male Behavioral Responses during a 17:7 LD Photoperiod
The percentage of source contacts with the 0.1-µg pheromone source made at different times by the male turnip moths is shown in Figure 1 . The male pheromone response occurred during the dark period, with no pheromone response occurring during the photophase.
Male Behavioral Responses under Constant Darkness
Under the DD condition, there was a low level of pheromone response during the subjective photoperiod, but a significantly higher level of male behavioral response still occurred during the anticipated scotophase. This rhythm persisted for 2 consecutive days under DD; by day 3, the rhythm was damped (Fig. 1) .
Male Behavioral Responses in Shifted Photoperiod
After entrainment to a new 17:7 LD regime in which the lights were turned off 4 h earlier, the male response window after entrainment shifted accordingly during both LD and DD, with the peak response occurring 4 h earlier (Fig. 2) .
EAG
When an antenna was stimulated by an odor, the EAG showed a negative charge in terms of DC poten- tial (Fig. 3) . The dose-response curves presented were obtained from male olfactory receptors stimulated by the pheromone at 2-h intervals between 1000 (2 h before lights-off) and 1800 h and then at 2100 h (2 h after lights-on). Receptors in the male antennae responded to the major pheromone component Z5-10:OAc in a similar fashion at different times of day (Fig. 4) . In addition, when tested with a complete pheromone blend, the sensitivity of the pheromone receptors in the antennae-both the ones that were excised and the ones that were attached to the body of a living insect-remained the same between the midphotophase and the mid-scotophase (Fig. 4) . The maximal EAG response to the single component Z5-10:OAc was at 10 µg, whereas the maximal response to the blend was at 1 µg due to the amount of components in the blend being about 10 times as high as in the case of the single component.
DISCUSSION
The study showed that daily changes in the pheromone responses of the turnip moths are regulated endogenously by a circadian oscillator, as indicated by the fact that under conditions of constant darkness, the rhythms were sustained for 2 consecutive days and could be entrained. Since light suppressed the flight response of male moths, even during the subjective night when they could be expected to be behaviorally active, we could not assess rhythmicity under the LL condition. The circadian nature of the pheromone behavioral response has also been documented in Supella longipalpa (Liang and Schal, 1990) and Trichoplusia ni (Linn et al., 1996) .
The mate-seeking behavior of the male moths is a result of several stages of the synaptic processing of olfactory information. The males detect the sex pheromone by means of receptors located on the antennae; when the antennae were removed, no activation to the pheromone stimulus was observed in the male A. segetum in the present study. The olfactory information obtained is processed then by the antennal lobe, the protocerebrum, and finally the ventral nerve cord, where the integrated multimodal output serves to generate the behavior in question. Circadian variations in the behavioral response to the pheromones of the males may be due to peripheral changes in the sensitivity of the receptors or to temporal variation in the responses of the CNS. Our results 406 JOURNAL OF BIOLOGICAL RHYTHMS / October 2003 10s 1 mV 10 -3 10 -2 10 -1 10 0 10 1 10 2 show that the circadian rhythm of behavior mediated by the sex pheromone is not directly reflected at the level of the peripheral olfactory receptors. No diel variations in the EAG responses of the olfactory receptors to pheromone stimuli were observed. These results agree with those reports that showed that the sensitivity of pheromone receptors does not change with time of day (Payne et al., 1970; Worster and Seabrook, 1989) , whereas in D. melanogaster, circadian rhythms in olfactory responses to food odors have been found (Krishnan et al., 1999) . Greiner et al. (2002) found Agrotis ipsilon males to show a juvenile hormone-linked plasticity in the central olfactory processing of pheromones but not of plant volatiles. This suggests that pathways for central modulation of olfactory responses to pheromones and to food volatiles may differ. For the A. segetum studied here, the question of whether there is a peripheral circadian oscillator regulating olfactory response to food volatiles remains to be tested. The circadian rhythm of the male behavioral responses to the pheromone here might be thought to simply reflect internal locomotor activity rhythm of the moth: they fly to the pheromone bait during the scotophase because they are physically active during this period. However, in observing the locomotor activity of moths that were reared under the same condition as those involved in testing the behavioral responses during the first 2 days after the moths had been transferred to DD, no locomotor activity rhythm was found, despite a circadian rhythm in the moths' behavioral response. This suggests that the circadian rhythm found in the male behavioral response is not driven by the locomotor activity rhythm; rather, these two rhythms are controlled separately either by the same oscillator or by different oscillators.
The mechanisms by which the circadian system regulates the pheromone communication of the moths are not known. Our study indicates that the clock that controls the circadian rhythms in the pheromone responses of the moths is probably located in the central nervous system. The Drosophila clock gene (per) protein (PER) that is essential for the circadian rhythms of the eclosion and locomotor activity of fruit flies has been detected in several moth species (Sauman and Reppert, 1996; Gvakharia et al., 2000; Wise et al., 2002) . It has also been detected in the central nervous system of A. segetum by means of immunocytochemistry (Rosén et al., unpublished data) . A future challenge is identifying and locating the pacemaker that controls the circadian rhythms of the pheromone response behavior and understanding how it imposes its rhythmicity on the overt behavioral rhythmicity that is present.
